Blob properties are studied in the scrape-off layer of the tokamak ASDEX Upgrade with a fast camera. The gas-puff imaging technique is used to investigate the detection rate as well as the blob size and velocity scaling. The experiments were performed in L-and H-mode phases of the same discharges to study the change in blob properties after the L-H transition. In both regimes the detection rate is of the order of a few thousand blobs per second, which is compatible with the picture of blob generation by edge micro instabilities. The blob size increases in H-mode, while the radial velocity decreases slightly. The changes are, however, not indicating a drastic change in the blob dynamics in both phases. The experimentally found blob properties were compared to predictions from a novel blob model including effects due to a finite ion temperature, which should be more appropriate for the conditions in the SOL of fusion plasmas.
Introduction
The discovery of the H-mode [1] was an important step towards the realization of a fusion reactor. The formation of an edge transport barrier leads to an improved confinement and, hence, an increased pressure in the core. H-mode plasmas may provide the conditions required for a self-sustained fusion plasma. In addition to a sufficient energy confinement in the core plasma, however, also the safety of the first wall and the purity of the confined plasma have to be guaranteed. Particle and energy fluxes through the scrape-off layer (SOL) to the walls are increased by plasma turbulence in the edge of fusion plasmas. In the SOL, filamentary structures called "blobs" [2] [3] [4] contribute substantially to this turbulent transport [5] . The properties of SOL turbulence and blob dynamics in H-mode plasmas and how they compare with standard L-mode discharges have been studied in a number of fusion experiments [5] [6] [7] [8] [9] [10] 39] already. Most of these experiments found only minor differences in the blob dynamics, while others focused more on quantitative differences. In any case these experiments make clear that turbulent transport caused by blobs is an important issue in both confinement regimes.
The amount of transport caused by these blobs depends on their generation rate, cross-field size, and radial velocity [11] . The standard blob models assess these properties by regarding the blob as a filament with a parallel wavenumber of zero (k = 0), which is polarized by magnetic curvature, causing a poloidal electric field and, hence, radial E × B drifts. Depending on the exact plasma conditions, different effects become important in balancing the blob polarization and, thus, different regimes of the model are obtained (see e.g. [3, 4, [11] [12] [13] [14] and references therein). Just recently, the effects of a finite ion temperature were included into a blob model [15] . For the sheath limited regime, where the blob polarization is balanced by parallel currents across the sheath only, this model predicts the highest growth rate for a blob size δ * of [15] δ * = ρ s (8(1 + τ i ))
1/5 · l 
Here, τ i = T i /T e is the ratio of the ion and electron temperature, l is the parallel length of the filament, ρ s = √ m i T e /eB the drift scale and R the major radius (as a measure of the field line curvature). Since δ * is the blob size at the largest growth rate, individual blobs can have different sizes δ b . However, it can be expected that the value of δ * influences the distribution of δ b observed in the experiment. The corresponding velocity for the same regime is given by [15] 
Apart from a prefactor, the equations describing the blob size and radial velocity agree with those from the sheath limited blob model assuming cold ions [3, 16, 17] . Hence, the scaling with δ b , l , and ρ s is the same in both models, but the absolute values are increased by the contribution of the ion pressure, which should be more appropriate for fusion plasmas, where the ion temperature in the SOL can be even higher than the electron temperature [18] . Concerning the blob generation rate, there is no quantitative prediction from blob theory yet. There is, however, experimental evidence from basic plasma and fusion experiments [17, [19] [20] [21] that micro instabilities in the edge, like e. g. drift waves or interchange modes, are involved in the blob generation. These instabilities show a broad frequency band up to the MHz range. Since it is also observed that high amplitude blob events are rare, recent experiments hint to exponential amplitude distributions [22] , only a small fraction of the generated events is detected. Hence, depending on the applied detection method, detection rates of a few kHz can be expected.
In this paper, the results of gas-puff imaging (GPI) experiments from ASDEX Upgrade concerning the aforementioned blob properties are presented with special focus on differences in L-and H-mode discharges. The paper is organized as follows: In Sec. 2 the experiments and the setup of the diagnostics are described. Sec. 3 presents the experimental results on the dynamics of the blobs and the detection rate, blob size and velocity obtained from single structure analysis. The key findings of these experiments are summarized in Sec. 4.
Experimental setup
The experiments presented in this paper were all performed on ASDEX Upgrade in the magnetic lower single null configuration with a magnetic field strength B t around −2.5 T. The toroidal plasma current was I p = 0.8 MA and the line edge density (i. e. the line averaged density measured by interferometer line H-5, see e.g. [20] for a detailed description of the setup)n e was about 2 · 10 19 /m 3 . These parameters were chosen to obtain comparable discharges to previous measurements of blob dynamics in ASDEX Upgrade presented in Refs. [23] [24] [25] . Each discharge consisted of a purely Ohmically heated L-mode phase before additional 3 MW of ECR heating triggered the L-H transition and a stable H-mode was sustained. Due to the lack of T e -profiles from probe measurements for the analyzed discharges, T e had to be assumed in the far-SOL for a comparison with the analytical scalings. Thomson data and an outward shift in the emitted intensity suggest a slight increase in T e in the H-mode phases. This is uncommon for ASDEX Upgrade, but has been observed before [28] . Hence, it is assumed that in the far-SOL, where T e is nearly constant, T e,L = 15 ± 5 eV and T e,H = 20 ± 5 eV. Furthermore, it is assumed that the ion temperature T i = 3T e , as it is found experimentally at ASDEX Upgrade [18] . These values have to be confirmed in future experiments.
At ASDEX Upgrade the camera is located in a shielding box next to the vacuum vessel for protection against ionizing radiation. The plasma is observed via a mirror inside an immersion tube in the vacuum vessel. The lens system is located close to the mirror and the resulting image is focused on one end of a coherent fibre bundle, which transmits the image to the shielding box. In the shielding box, the fast camera observes the other end of the coherent fibre bundle with a second lens system to capture the image. The resulting camera view observes the far-SOL plasma on the low field side below the midplane (z = 0) and is discussed further below. The employed frame rate is 120 kfps (kilo frames per second) at an image resolution of 64 × 64 pixels and a spatial resolution at the focused plane of about 1 mm/pixel.
The blobs were mainly studied by means of gas-puff imaging (GPI). GPI is a well established technique in many fusion experiments to study edge turbulence (see e. g. [26, [29] [30] [31] [32] [33] ). A gas puff of typically deuterium or helium is used to locally increase the neutral background pressure. The radiation emitted by the gas cloud as a consequence of collisions of plasma electrons with the neutrals is observed by a high speed camera (in this case a Phantom v7.3). Figure 1 displays the averaged light intensity recorded by the fast camera in the SOL during a deuterium gas-puff.
As stated above, the observed region is located slightly below the midplane at z=0. With the applied camera settings, only the SOL is observed, i. e. the separatrix (ρ pol = 1.0) is not captured in the imaged region, but is located to the left of it in the representation of Fig. 1 , where the dashed lines indicate the positions of ρ pol = 1.05 and ρ pol = 1.10. The maximum intensity is observed close to ρ pol ≈ 1.065, which is in the limiter shadow of the heat shield for the L-mode phases, but not for the inter-ELM H-mode phases. The influence of this circumstance on the blob dynamics has to be studied in the future. Technical limitations concerning the positioning of the tube and the mirror lead to a line-of-sight, which is not exactly tangential to the magnetic field lines. Due to the line integration along the line-of-sight this leads to a distortion of the structures in the image data. The effect of the toroidal projection on the determination of velocities from the image data was studied by implementing a synthetic diagnostic: Using field line tracing, field-aligned filaments with a toroidal extension matching the one of the observed light emission of the gas cloud were calculated and observed by a virtual camera. The obtained synthetic images were analyzed using the same image processing methods that are used for the experimental data. The error of the velocities determined from the experimental data can be estimated by comparing the velocities observed in the synthetic camera data to the precisely known velocities of the modeled filaments. It is found that the poloidal velocity is correctly reproduced with an error of less than 10%, while the radial velocity determined from the image data is underestimated by a factor of 1.4. Consequently, the radial velocities reported in the following are corrected by this factor. Figure 2 shows turbulent structures visible in the GPI after subtracting the mean intensity. Due to their extension along the field lines, the structures appear elongated in the radial direction. Hence, to determine the blob size only the poloidal semi axis of the fitted ellipse is taken as a measure for δ b . The blob properties were obtained by detecting blobs in the image data and representing the detected structure by an ellipse. Details on the method of blob detection applied can be found in Ref. [21] . The resulting properties are quantitatively comparable to those found by a lithium beam diagnostics [34] .
Results
This section starts with a discussion of the qualitative blob structure and dynamics in the conditional average of the image data, followed by a presentation of quantitative results concerning the detection rate, cross-field size δ b , and radial velocity v r,b from a single-structure analysis.
Dynamics in the conditional average
The conditional average (CA) is commonly used to study the characteristic dynamics of coherent structures in turbulent systems both in experiments and simulations (see e. g. Ref. [35] ). In this section, CA results are shown for the deuterium gas-puff, where the emitted light intensity reaches its maximum in front of the limiter near the segment S13. The CA is compared for an L-mode and H-mode phase in the same discharge.
In order to compare turbulent structures over the whole emission range, normalized intensity fluctuationsĨ n are used:
where I is the intensity recorded by the camera and I the time average of each individual pixel. Figure 3 shows six time instances of the conditional average (CA) of I n . The reference pixel is marked by the gray cross, the threshold chosen for the CA is two times the standard deviation and a total of 875 trigger events were averaged. The dashed line indicates the position of the limiter mentioned above. The x-axis lies close to the radial direction (ρ), the y-axis close to the poloidal direction (compare Fig. 1 for the exact geometry). A blob is seen in the intensity fluctuations, which propagates radially outwards and poloidally in the electron diamagnetic direction (to the top). The observed (poloidal) structure size is about 10 pixels in the image data, which corresponds to a physical size of δ b ≈ 1 cm. At τ = 0 µs (Fig. 3 b) the blob features an elliptical shape, which is elongated in the radial direction due to the integration along the line-of-sight (LOS). Close to the limiter (images d-f), the blob features a more complex shape and develops a tail-like structure, at least in the image data. As a consequence, the blob size and velocity cannot be defined clearly in the vicinity of the limiter and the corresponding region is ignored in the analysis presented below. Figure 4 shows a CA analysis similar to the one presented above, but this time for blobs observed in the inter-ELM H-mode phases of the same discharge (556 trigger events). A blob is seen in the captured intensity fluctuations, which also propagates radially outwards. But compared to the L-mode case a smaller poloidal velocity is observed, which even points in the opposite direction. This indicates a change in the radial electric field. A similar reversal of the poloidal velocity between L-and Hmode phases is also observed in other devices, e. g. in the stellarator Heliotron J [36] . Also, the blob size appears to be larger at τ = 0 than in the L-mode phase. The analysis of single structures presented below confirms this observation. Apart from these features (poloidal propagation and size), there are no differences apparent in the CA between L-and inter-ELM H-mode phases of the analyzed discharges concerning the blob properties and dynamics. 
Detection rate
In Ref. [23] it was observed that blob generation at ASDEX Upgrade takes place approximately 1 cm outside of the nominal separatrix position. Here, the blobs are not detected in this region, but after propagating into the field of view of the camera, where the gas-puff provides sufficiently high light intensities to detect turbulent structures in the SOL. Since there is no indication that blobs appear spontaneously in the far SOL, the detection rate can be used as a proxy of the generation rate, where the accuracy depends on the life time of the blobs and their trajectory. Blobs were detected in the normalized raw data (according to Eq. (3)) by using the object recognition method. A cluster of pixels with high amplitudes is related to a blob if the peak amplitude is larger than the standard deviation and the cluster consists of more than 20 pixels detecting at least half of the peak amplitude. This area threshold is introduced to prevent spurious blob detection due to noise. To determine how frequently blobs occur in the field of view, a square of 10 × 10 pixels is defined as detection region and is chosen such that no structures are truncated at the image edges or interact with the limiter (see Sec. 3.1). The detection time t i of an individual structure i is defined as the time when the center of mass of the normalized intensity fluctuations associated with the blob enters the detection region. Tracking the single structures over several images prevents multiple counting of the same structure. As a result, the detection rates are obtained and also the waiting-time distribution (WTD), i. e. the distribution of observed waiting times between subsequent structures defined as t w = t i − t i−1 .
The resulting WTDs for an L-mode phase and inter-ELM H-mode phases are compared in Fig. 5 . Since the datasets cover time intervals of different length, the count rate per waiting-time interval is normalized to the total amount of observed blobs. The corresponding detection rates are 3320 blobs/s for the L-mode phase and 4416 blobs/s for the inter-ELM H-mode phases. The shape of the WTDs and the detection rates compare well for both phases, which indicates that the blob generation mechanism does not change fundamentally. The slight increase in the detection rate observed in the inter-ELM H-mode phases does not necessarily indicate a larger generation rate: Due to the larger average blob size (see Sec. 3.3) more blobs exceed the area threshold introduced above. The result does not depend on the detection area selected.
Blob size
The poloidal blob sizes have been deduced from the image data recorded during deuterium gas-puffs in L-and inter-ELM H-mode phases of different discharges Nevertheless, by comparing both the mean value of δ b and the maxima in the size distributions it can be concluded that δ b is increased in the inter-ELM H-mode phases, which is in agreement with the CA results shown above. However, the change in δ b of roughly 20 % is small and is even smaller in another analyzed discharge (#28768), where δ b is 6.4 ± 0.2 mm in the L-mode phase and 7.2 ± 0.1 mm in the inter ELM H-mode phases. Note that since GPI does not provide a direct density measurement, it is not clear if the observed small changes can directly be related to changes in the size of the density perturbation associated with the blobs. Fig. 7 shows a comparison of the experimental values with a) the Krasheninnikov scaling [3] for the case T i = 0 and b) predictions by the warm-ion scaling Eq. (1) for the case T i = 3T e . The two scaling laws are identical apart from a factor of 8(1 + τ i ) 1/5 and are evaluated using the following parameters for the observed region: R = 2.18 m, B = 1.9 T, and l = 5 m. With both choices blob sizes of the right order of magnitude are predicted. The inclusion of finite ion temperature effects improves the agreement.
Blob velocity
From the dynamics apparent in the CA it can be anticipated that there is no drastic change in the radial blob velocity in L-and H-mode phases of the analyzed discharges. This is quantified in this section by analysing the dynamics of single structures, using the object recognition method, and tracking the individual blobs over several images. The velocities of all structures with the same center of mass position are then averaged to obtain a spatially resolved characteristic velocity field. Using the poloidal magnetic flux Ψ p from the magnetic reconstruction, the radial (parallel to the gradient of the poloidal flux ∇Ψ p ) and poloidal (perpendicular to ∇Ψ p and B) velocity can be determined. The spatially resolved poloidal velocity field is compared in Fig. 8 for the L-mode (a) and inter-ELM H-mode (b) phases of the same discharge. While the absolute values are comparable in both phases, between 100 and 300 m/s with a tendency to larger values in the H-mode phase, there is a clear reversal in the poloidal propagation direction. Assuming that the poloidal velocity is mainly determined by the E × B background drift, this result suggests the possibility for complex changes in the radial electric field after the L-H transition. Similar features are also observed in other devices, e. g. in Heliotron J [36] . Implications of poloidal velocity shear layers for the dynamics of blobs are discussed in Refs. [25] [26] [27] . The radial velocity fields are shown in Fig. 9 , again for the L-mode (a) and inter-ELM H-mode (b) phases of one shot. Both velocity fields compare well, showing a decrease of the radial velocity in the radial direction from about 200 m/s at the inner edge of the observed region to zero in front of the limiter. A comparable behaviour is documented for DIII-D in Ref. [5] and was assumed for ASDEX Upgrade, to explain observations from ion-temperature measurements [18] and measured with Langmuir probes [37] . This observation can be explained by the blob model due to parallel pressure losses to the walls. Furthermore, it is observed that, apart from the region close to the limiter, the radial velocity at a given location is slightly larger in the Lmode phase. This would qualitatively agree with the expectation from Eq. (2), which predicts a decreasing radial velocity with increasing blob size at otherwise unchanged plasma conditions. For a quantitative comparison the radial velocities are averaged in the same region as the blob sizes above. In Fig. 10 the results are compared to predictions from analytical scaling laws. Again, in the observed region (R = 2.18 m, B = 1.9 T and l = 5 m) the Krasheninnikov scaling [3] is employed for a) T i = 0 and the warm-ion scaling Eq. (2) for b) T i = 3T e . Both scalings predict velocities of the right order of magnitude. For τ i = 0 the predicted velocity is smaller than the observed value, while for T i = 3T e the prediction is slightly larger. Due to the ρ 2 s dependence of the radial velocity and the fact that the temperature in the far-SOL had to be assumed, the error bars of the theoretical prediction are large. Future experiments will investigate this discrepancy in more detail by comparing different diagnostics and building up a larger data base. According to the observed density and temperature profiles, collisional scalings like those presented in Refs. [11, 15] should not apply, since the collision parameter Λ is smaller than 1. It is, however, apparent from other experiments [38] , that the background n e influences the blob velocity, indicating that not all relevant physics may be considered in the theoretical scaling deployed here.
Summary and conclusion
Fast camera measurements in the SOL of ASDEX Upgrade were performed using the technique of gas-puff imaging. All discharges started as purely Ohmically heated L- mode plasmas before additional ECRH triggered the L-H transition. Hence, it was possible to compare the blob detection rate, size δ b , and velocity (poloidal and radial) for L-and inter ELM H-mode phases. Although the edge plasma parameters change drastically from L to H-mode, only small changes in the blob dynamics were observed. This is in line with the observations reported from Alcator C-Mod [9] and DIII-D [7] . It was observed that the blobs in H-mode are larger in size and that they have a smaller radial outward velocity. Both changes are, however, not as striking as to indicate a dramatic change in the blob dynamics between L-and H-mode. A similar trend (larger poloidal blob sizes and only slightly changed radial velocity) is reported from MAST [39] . In accordance with these results is the observation that the detection rate and waiting-time distribution (WTD) remain almost unchanged after the L-H transition. The detection rate is slightly increased in H-mode. However, since the detection rate depends on the blob size and amplitude it cannot be decided if the increase in the detection rate also reflects changes in the generation rate of blobs. It is in any case remarkable, how little the change in the detection rates is. This indicates that the turbulent dynamics just around the separatrix, which is likely responsible for blob generation, may be unaffected by the striking changes in the edge parameters comparing L-and H-mode plasmas [40] .
Furthermore, the camera measurements revealed in both confinement regimes a deceleration of the radial blob velocity v r,b , while the blobs propagate outwards.
The only significant change in the blob dynamics between the L-and H-mode phase were observed in the poloidal velocity profiles. In the outer SOL (ρ pol 1.06) the poloidal propagation is reversed.
The experimentally observed values for δ b and v r,b were compared to a novel blob model including warm-ion effects [15] . A good agreement with this model was found for the blob sizes. The predicted velocities, however, are slightly too large. Future experiments will build up a larger data base and focus on a multi-diagnostic approach in order to get reliable temperature measurements in the far-SOL and to get an even better understanding of what influences the radial velocity of blobs in the SOL of fusion experiments. If the theoretical blob size and velocity scaling laws indeed describe the observed blob dynamics, as it is reported here for ASDEX Upgrade and also for many other experiments (see especially [4] for an extensive review), this could explain their similarity in the different confinement regimes: If the SOL plasma parameters stay approximately constant, also the blob size and velocity are comparable. Since there is no quantitative prediction for the generation/detection rate yet, no such conclusion can be drawn for the similarity of the detection rate reported in this paper and for Alcator C-Mod [9] .
In conclusion, the fact that the strong suppression of turbulence in the H-mode edge plasma, compared to L-mode phases, is not reflected in blob transport, casts some light on the blob production mechanism and could be explained if the blobs are not generated in the edge but further out, maybe at the separatrix. In probe measurements [23, 25] a generation of blobs about 1 cm outside the nominal separatrix of ASDEX Upgrade was found. The validation of the blob model was partially successful, but additional experiments are needed. While the blob sizes agree rather well with a blob model taking finite ion temperatures into account [15] the results on the radial velocity are promising, however not yet conclusive.
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